INTRODUCTION

Radio echo sounding has revolutionized s t u d i e s of t h e t h i r d dimension i n i c e s h e e t s . The technique provides continuous p r o f i l e s of i c e t h i c k n e s s and roughness of t h e bedrock, and i n a d d i t i o n , s t r a t i g r a p h i c d e t a i l w i t h i n t h e i c e .
Some i n t e r n a l echoes have been t e n t a t i v e l y c o r r e l a t e d with t h e d a t e s of v o l c a n i c e r u p t i o n s [ l ] and changes i n i c e a c i d i t y due t o v o l c a n i c a c t i v i t y have bean d e t e c t e d i n i c e c o r e s from high-field d i r e c t c u r r e n t measurement [2, 3] .
Admittance v a r i a t i o n s a t echo sounding frequencies (VHF) could be due t o t h e same processes t h a t lead t o high s c r a t c h conductivity a t d i r e c t c u r r e i t o r t o v a r i a t i o n s i n t h e d i e l e c t r i c a b s o r p t i o n i n t h e ldIz region. The present s t u d i e s seek t o explore t h e s e p o s s i b i l i t i e s by p r o f i l i n g i c e cores i n the range 20 Hz t o 300 kHz a t t h e time of d r i l l i n g , and t o i n v e s t i g a t e whether annual c y c l e s a r e apparent.
A 133 metre i c e c o r e was d r i l l e d a t an e l e v a t i o n of 400 metres near t h e summit of Dolleman I s l a n d (70°37'S, 60°44'W) i n the A n t a r c t i c Peninsula i n t h e summer of 1985-86. E a r l i e r s t u d i e s had shown t h a t shallow cores from t h e s i t e preserved a c l e a r seasonal c y c l e , undisturbed by snow melt.
The i n t e n t i o n of t h e d r i l l i n g was t o develop a record of climate and volcanism over a period of s e v e r a l hundred years.
The top 38 metres of the core were logged i n t h e f i e l d f o r t h e i r d i e l e c t r i c behaviour.
P i t and shallow core s t u d i e s showed t h a t t h e meltwater c o n d u c t i v i t y of che i c e followed an annual c y c l e with values ranging from 5 t o 1 0 US cm-' a t O°C.
INSTRUMENTATION FOR PROFILING ICE CORE
The system i s based on a Wayne Kerr 6425 Multi Bridge and Hewlett Packard HP85B Microprocessor [~i~u r e 11. It enables a one-metre l e n g t h of c o r e t o be s t u d i e d a t 5 cm i n t e r v a l s a t 42 frequencies between 20 Hz and 300 ldIz i n t h i r t y minutes, making i n s i t u study p r a c t i c a l . Accuracy i n capacitance and conductance is around 0.5% over most of t h e measurement range.
The e l e c t r o d e assembly contains twenty 'LO' e l e c t r o d e s each c o n s i s t i n g of curved segments of palladium-coated b r a s s 5 cm i n width [~i~u r e 21.
Together they span a 1 m l e n g t h of core. Guard p l a t e s , a l s o curved and. 25 cm long, a r e f i t t e d a t
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The s i d e g u a r d s a r e f l a t p l a t e s of anodized aluminium and run t h e whole 1.5 m l e n g t h of t h e e l e c t r o d e assembly.
The ' H I ' e l e c t r o d e is s i m i l a r t o t h e 'LO' e l e c t r o d e e x c e p t t h a t t h e curved s e c t i o n is n o t s p l i t i n t o 5 cm l e n g t h s : a l l curved s e c t i o n s have t h e same r a d i u s of c u r v a t u r e as t h e i c e core.
The s i z e and shape of t h e e l e c t r o d e s were d e r i v e d from e x p e r i m e n t s on i c e c o r e s . The c h o i c e was a compromise between having a s u i t a b l e impedance f o r a c c u r a t e o p e r a t i o n of t h e b r i d g e , and t h e need f o r s u f f i c i e n t r e s o l u t i o n i n t h e p r o f i l e t o d e t e c t annual c y c l e s i n an accumulation regime of 0.6 m e t r e s of w a t e r a year. The 108' a r c f o r each e l e c t r o d e was a g a i n a compromise. A g r e a t e r a n g l e of a r c would have g i v e n a l a r g e r a d m i t t a n c e but t h i s would have been dominated by t h e i c e n e a r t h e edges of t h e p l a t e -a r e g i o n l i k e l y t o be t h e most contaminated i n any d r i l l i n g o p e r a t i o n s .
The e l e c t r o d e s a r e enclosed i n an aluminium c a s e t o prevent e l e c t r o m a g n e t i c i n t e r f e r e n c e .
Usually two a d j a c e n t e l e c t r o d e s a r e connected t o t h e b r i d g e and t h e remaining e l e c t r o d e s e a r t h e d .
The sequence of measurements is c o n t r o l l e d by an e l e c t r o n i c s w i t c h i n g c i r c u i t and a complete s e t of c a p a c i t a n c e and conductance measurements f o r each e l e c t r o d e combination a l o n g a c o r e is s t o r e d by t h e HP85B on magnetic c a r t r i d g e . F i g u r e 2. C o n s t r u c t i o n of t h e e l e c t r o d e assembly.
RESULTS
The e l e c t r o d e assembly was housed i n t h e 3 m deep d r i l l i n g p i t . A f t e r recovery. weighing and s t r a t i g r a p h i c a n a l y s i s , the c o r e was put i n a polythene s l e e v e , and allowed t o reach t h e p i t temperature of -9 + 1°C. Temperature f l u c t u a t i o n s d u r i n g d i e l e c t r i c measurement of a c o r e s e c t i o n were l e s s t h a n 0.l0C.
F i g u r e 3 shows c a p a c i t a n c e and conductance v a l u e s f o r t h e f i r s t e i g h t l e n g t h s of r e t r i e v e d i c e c o r e , measured w h i l s t t h e c o r e s were s e a l e d w i t h i n t h e i r p r o t e c t i v e polythene. Three f r e q u e n c i e s have been s e l e c t e d i n Figure 3: 60 Hz and 75 kHz are t y p i c a l of t h e s t a t i c and h i g h f r e q u e n c y end of t h e dominant d i s p e r s i o n i n p o l a r i c e , w h i l s t 1 2 kHz is c l o s e t o i t s r e l a x a t i o n frequency. I n o r d e r t o t e s t t h e r e p e a t a b i l i t y of t h e system, t h e f i r s t c o r e s e c t i o n , 0.65 m long, was measured on t h r e e o c c a s i o n s . A f t e r t h e f i r s t measurement i t was l e f t untouched f o r o v e r a n hour and remeasured. Subsequently it was removed and r e p o s i t i o n e d w i t h i n t h e e l e c t r o d e assembly.
The t h r e e r e c o r d s match w e l l .
The h o r i z o n t a l s c a l e i n F i g u r e 3 r e p r e s e n t s t h e s e p a r a t e d a t a s e t s .
I f two e l e c t r o d e s a r e used a t a time, t h e r e a r e a p o s s i b l e 19 d a t a s e t s f o r t h e 1-metre long e l e c t r o d e assembly.
Not a l l of t h e s e a r e measuring a r e a s of i c e c o r e ( s i n c e n o t a l l ice c o r e s a r e 1 metre l o n g ) , s o d a t a from t h e g a p s were removed b e f o r e p l o t t i n g t h e diagram.
Large v a r i a t i o n s of c a p a c i t a n c e and conductance were found.
This v a r i a b i l i t y extended t o t h e whole 38 m of i c e c o r e . With 720 i n d i v i d u a l d a t a sets a s t a t i s t i c a l a n a l y s i s could be performed o n a l l t h e d a t a recorded.
Using t h e measured air c a p a c i t a n c e of 1.1 pF f o r each e l e c t
r o d e p a i r (which is c l o s e t o t h e t h e o r e t i c a l e x p e c t a t i o n ) F i g u r e 4 shows mean v a l u e s and s t a n d a r d d e v i a t i o n s f o r E" t h e imaginary component of p e r m i t t i v i t y ; o c o n d u c t i v i t y ; and
E " / W ( W i s t h e a n g u l a r frequency) a g a i n s t E ' t h e r e a l component of p e r m i t t i v i t y .
The diagrams demonstrate t h a t t h e i c e e x p e r i e n c e s a major r e l a x a t i o n p r o c e s s i n t h e frequency range i n v e s t i g a t e d .
F i g u r e 3. ,
F i g u r e 3. C a p a c i t a n c e and conductance v a l u e s a t 60 Hz, 12 kBz and 7 5 kHz f o r t h e t o p 6.6 m of the core.
The f i r s t 3 s e c t i o n s numbered 1 a r e t h e same p i e c e of i c e . The ends of each s e c t i o n a r e shown w i t h a v e r t i c a l l i n e . Each d a t a s e t i s r e p r e s e n t e d by one p o s i t i o n on t h e x a x i s . F i g u r e 4.
Graphs of c"/w, o and E" a g a i n s t E ' of t h e a v e r a g e d a t a s e t from t h e t o p 38 m of c o r e . The bars r e p r e s e n t + 1 s t a n d a r d d e v i a t i o n from t h e mean.
An a n a l y s i s of t h e d i e l e c t r i c spectrum has followed c l o s e l y t h e t e c h n i q u e s used by Gross 9. [ 4 ] and e a r l i e r by D.B. Knoll i n r e f e r e n c e [ 5 ] . It i s based on t h e p l o t s of conductance G, a g a i n s t c a p a c i t a n c e C.
The i
The G-C diagram should t h e n show a s e t of s t r a i g h t l i n e s bent by t h e e f f e c t s of a d j a c e n t s p e c t r a .
The a n a l y s i s program c o r r e c t s each p o r t i o n of t h e p l o t f o r t h e e f f e c t s of i t s neighbours u n t i l a s e t of c o n s i s t e n t r e l a x a t i o n parameters emerges.
To s t a r t t h e program, a s e t of i n i t i a l 'break
o n t i n u e s u n t i l t h e f i t t i n g i s a c c e p t a b l e . The n e x t d a t a s e t ( t h e a d j a c e n t c o r e ) i s analysed with t h e s e break p o i n t s f o r i t s i n i t i a l f i t t i n g .
F i g u r e 5 shows t h e a v e r a g e G C diagram f o r t h e 38 metre c o r e .
Experimental v a l u e s and t h e v a l u e s computed from t h e d e r i v e d d i e l e c t r i c parameters a r e shown t o g e t h e r with t h e t h r e e s t r a i g h t l i n e s which i n d i v i d u a l l y c o n t r i b u t e t o t h e observed c u r v a t u r e of t h e model's G-C dependence. Three d i s p e r s i o n s a d e q u a t e l y d e s c r i b e t h e behaviour a t -9°C of f i r n i n t h e d e n s i t y range 0.415 Mg m-3 t o 0.758
Mg m-3 surrounded by polythene.
The h i g h e s t f r e q u e n c y d i s p e r s i o n has a r e l a x a t i o n f r e q u e n c y of 1 5 kHz, a d i s p e r s i o n s t r e n g t h of 25 and a d i e L e c t r i c c o n d u c t i v i t y of 2.5 x loW5 S m-l. This corresponds c l o s e l y w i t h v a l u e s r e p o r t e d p r e v i o u s l y i n t h e L i t e r a t u r e f o r the major r e l a x a t i o n p r o c e s s i n p o l a r i c e [ 6 ] .
The second d i s p e r s i o n has a r e l a x a t i o n Erequenc of 2.5 kHz, a d i s p e r s i o n s t r e n g t h of 12 and a d i e l e c t r i c c o n d u c t i v i t y of
There may be a correspondence u l r h an " i n t e r m e d i a t e " d i s p e r s i o n found by Gross et. [ 7 ] and von Hippel a. [ 
a ] . The d i e l e c t r i c c o n d u c t i v i t y o f t h i s d i s p e r s i o n is very c l o s e t o t y p i c a l v a l u e s of d -c . r e s i s t i v i t y found by a f o u r -e l e c t r o d e r e s i s t i v i t y survey of Dolleman I s l a n d and elsewhere i n p o l a r r e g i o n s ( 9 1 .
The low frequency d i s p e r s i o n has a r e l a x a t i o n frequency of around 100 Hz, a
d i s p e r s i o n s t r e n g t h of around 3 and a d i e l e c t r i c c o n d u c t i v i t y of o r d e r lo-' S m-'. T h i s d i s p e r s i o n was o c c a s i o n a l l y l o s t when t h e low frequency d a t a from t h e b r i d g e became i
n a c c u r a t e and were r e j e c t e d .
F i g u r e 5. ,
The major problems involved i n t h e i n d i v i d u a l a n a l y s i s of t h e 720 d a t a s e t s were The d e r i v a t i o n of i c e -c o r e parameters from a n i c e core-polythene c a p a c i t o r .
2)
The c h o i c e of t h e d i e l e c t r i c model t o which t h e e x p e r i m e n t a l d a t a were compared.
3)
The
c r i t e r i o n used t o judge t h e f i t of e x p e r i m e n t a l d a t a t o t h a t of a d i e l e c t r i c model.
: \ 1 F i g u r e 5.
-
Graph of G a g a i n s t C f o r t h e average d a t a set and f o r t h e c a l c u l a t e d p o i n t s d e r i v e d from a f i t t e d set of d i s p e r s i o n s . The s t r a i g h t l i n e s show t h e s e p a r a t e d i s p e r s i o n s .
The l o w e s t f r e q u e n c y l i n e i s obscured by d a t a p o i n t s between 40 and 43 pF. C i r c l e s a r e e x p e r i m e n t a l d a t a ; diamonds a r e c a l c u l a t e d from t h e model. The t h r e e high frequency p o i n t s a r e n o t a c c u r a t e l y measured by t h e b r i d g e and a r e n o t i n c l u d e d i n t h e model. These a r e d i s c u s s e d i n t u r n .
A l l measurements r e p r e s e n t t h e composite d i e l e c t r i c : i c e (104 mm d i a m e t e r ) surrounded by a 0.13 mm t h i c k polythene s l e e v e .
The p o l y t h e n e s l e e v e a c t s a s a b l o c k i n g l a y e r and t h e t r u e i c e c o r e parameters a r e i n p r i n c i p l e a c c e s s i b l e [lo]. However t h e i r d e r i v a t i o n , p a r t i c u l a r l y a t low f r e q u e n c i e s , i s s e n s i t i v e t o t h e c h o i c e of t h e low f r e q u e n c y i n t e r c e p t on t h e C a x i s . The p a r a m e t e r s of t h e h i g h e s t frequency d i s p e r s i o n a r e t h e l e a s t a f f e c t e d by t h i s c o m p l i c a t i o n -and a r e a l s o ,
f o r t u n a t e l y , t h e most i m p o r t a n t v a l u e s i n t h e s t u d y .
) No a t t e m p t has been made t o remove t h e e f f e c t of t h e p o l y t h e n e blocking c a p a c i t a n c e from t h e r e s u l t s .
The low frequency c a p a c i t a n c e v a r i e s from around 20 pF t o 80 pF. T h i s s u g g e s t s t h a t v a r i a t i o n s o c c u r i n t h e b l o c k i n g l a y e r c a p a c i t a n c e , p r o b a b l y due t o an i r r e g u l a r i c e c o r e s u r f a c e / p o l y t h e n e c o n t a c t . Nevertheless t h e v a r i a t i o n s between s e c t i o n s of t h e i c e c o r e o v e r t h e whole frequency range are g r e a t e r t h a n can be e x p l a i n e d by t h i s a l o n e .
2) The i n d i v i d u a l d a t a s e t s have been f i t t e d t o t h e s a m e model as s e l e c t e d f o r t h e average of t h e
38 m of c o r e , i.e. t h r e e Debye d i s p e r s i o n s seem a d e q u a t e f o r t h e ice-polythene system a t -9°C.
3)
T h i s problem h a s been addressed b e f o r e f o r t h e composite i c e -i n s u l a t o r where t h e r e a r e i f r e q u e n c y p o i n t s , c r e p r e s e n t s c a l c u l a t e d model v a l u e s , and m r e p r e s e n t s measured v a l u e s . A f i t was deemed a c c e p t a b l e when t h e e x p e r i m e n t a l d a t a f i t t e d t h e model t o a r.m.s.
e r r o r of l e s s than 1.5% of t h e low frequency l i m i t i n g c a p a c i t a n c e v a l u e .
This was g e n e r a l l y e a s i l y a c h i e v e d ; however, a few d a t a s e t s f a i l e d t o f i t s a t i s f a c t o r i l y , and t h e s e w i l l be r e i n v e s t i g a t e d .
DISCUSSION
The 720 samples i n c r e a s e by an order of magnitude t h e number of i c e -c o r e samples examined f o r d i e l e c t r i c behaviour. Although a t a f i x e d t e m p e r a t u r e , t h e y have t h e advantage of being measured a t t h e time of d r i l l i n g b e f o r e p o s s i b l e c o n t a m i n a t i o n and 'ageing' by a t m o s p h e r i c g a s e s could occur [ 3 ] .
By being measured w i t h i n p o l y t h e n e , t h e v i r g i n s t a t e of t h e i c e c o r e is preserved f o r subsequent chemical a n a l y s i s .
The e f f e c t of t r a n s p o r t on the c o r e s w i l l be re-examined a t a l a t e r d a t e .
F i g u r e 6.
i c e c o r e parameters 154 d a t a sets between -6.6 m and 15.3 m down t h e core.
-Each d a t a s e t r e p r e s e n t s one p o s i t i o n on t h e x-axis. The d o t t e d l i n e s r e p r e s e n t t h e low f r e q u e n c y d i s p e r s i o n , t h e dashed l i n e s t h e second d i s p e r s i o n and t h e c o n t i n u o u s l i n e s t h e dominant Where t h e low f r e q u e n c y d i s p e r s i o n d i s a p p e a r s t h e d o t t e d l i n e runs along t h e bottom of e a c h p l o t . Figure 6 shows t h e l a r g e v a r i a t i o n I n d i e l e c t r i c parameters along an 8 -7 m s e c t i o n of t h e c o r e .
The e x t e n t of t h e v a r i a t i o n s a r e i n most c a s e s l e s s extreme than have been found when high-frequency d i e l e c t r i c d a t a from c o r e s from d i f f e r e n t p o l a r s i t e s a r e intercompared [6] . There i s no obvious p e r i o d i c i t y p r e s e n t . Peaks i n high f r e q u e n c y c o n d u c t i v i t y occur a t minima of t h e r e l a x a t i o n t i m e of t h e dominant d i s p e r s i o n , b u t they appear t o show no c o r r e l a t i o n w i t h t h e d i e l e c t r i c c o n d u c t i v i t y of t h e second d i s p e r s i o n .
I n .blocking l a y e r c o n f i g u r a t i o n s t h i s c o n d u c t i v i t y h a s been t a k e n t o approximate t o t h e t r u e d.c. c o n d u c t i v i t y of t h e m a t e r i a l . U n t i l t h e e f f e c t of t h e varying e l e c t r o d e -p o l y t h e n e -i c e c o n t a c t is accounted f o r , a r i g o r o u s comparison of t h e d i e l e c t r i c and d.c. c o n t r i b u t i o n s t o t h e c o n d u c t i v i t y of i c e cannot be made.
Despite t h i s drawback, t h e d i e l e c t r i c r e l a x a t i o n t i m e ( i n t h e kHz range) emerges a s t h e primary c o n t r o l on t h e h i g h frequency c o n d u c t i v i t y of p o l a r i c e .
An i n t e r e s t i n g f e a t u r e i n F i g u r e 6 is t h e behaviour a t d a t a set 215. The r e l a x a t i o n f r e q u e n c i e s of t h e two h i g h e s t d i s p e r s i o n s s e p a r a t e and t h e r e i s a peak i n t h e h i g h f r e q u e n c y d i e l e c t r i c c o n d u c t i v i t y . Chemical and i s o t o p e a n a l y s i s should be a b l e t o confirm whether t h i s is r e l a t e d t o t h e 1974/75 peak i n non-marine s u l p h a t e observed a t two sites i n t h e A n t a r c t i c P e n i n s u l a : James Ross I s l a n d [ll] and Gomez Xunatak [R. Mulvaney, p e r s o n a l communication].
A d e t a i l e d chronology of t h e i c e c o r e i s r e q u i r e d t o i n t e r p r e t d i e l e c t r i c e v e n t s from e a r l i e r times.
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